This paper presents an optimized PID control approach for trajectory tracking of a parallel ankle rehabilitation robot which is a two degrees of freedom parallel manipulator. In order to have a robust tracking a PID controller of which the parameters are tuned by using particle swarm optimization algorithm is developed. The performances of the optimized controller is measured using Integral Squared Error performance measure method which is a version of the integral-error based performance measure methods. A white noise is introduced as an external disturbance to examine the robustness of the controller. The results of the simulations given in Section 5 show that the optimized PID controller has excellent tracking performance. In brief, the simulation results confirm the effectiveness of the developed controller.
Introduction
Parallel manipulator has attracted great interest, although the first industrial application [1] was in the middle of the 20 th century. The reason of this great interest is that parallel manipulators provide higher stiffness, better accuracy and higher force-to-weight ratio than serial manipulators [2, 3] .Because of the fact that extensible legs of a fully parallel manipulators (i.e. actuators) which act in parallel share the common payload, they have generally been used in the areas of large payload and low speed conditions such as flight simulator, high precision machining centers and medical devices in practical terms.
According to disability report published by World Health Organization (WHO), one billion people -15% of the world population -have been exposed to disability as a result of accident, injury or congenital. And the ones who exposed to disability can be recovered by means of rehabilitation therapy and become self-sufficient according to the same report [4] . The development of rehabilitation therapy and such therapy methods, show the improvements in healthcare. Efforts have been made for this improvement and in order to contribute to the societal living standards, new devices have been developed. Auxiliary rehabilitations robots are one of these devices used in clinical rehabilitation therapy.
Ankle joint which is a part of musculoskeletal system has a complex structure and crucial due to its role in body balancing during perambulation [5] . Ankle sprain is a common musculoskeletal injury encountered during daily life.
Parallel manipulator which was firstly used in a flight simulator application, has been come into use as rehabilitation robots for therapy of sprained ankle. Girone et al. designed a six controlled degrees of freedom (DOF) ankle rehabilitation robot based on Stewart-Gough platform [6] . Dai et al. developed a 3-SPS/SP parallel ankle rehabilitation robot in 2004 [7] and then proposed a redundantly actuated parallel robot which has less DOF with a central strut in 2009 [8] . Another instance of parallel robot for ankle rehabilitation is given in [9] . A 3-UPS parallel ankle rehabilitation robot was proposed in [10] . Jamwal et al. proposed a 4 DOF adaptive wearable parallel robot for sprained ankle [11] .
Kinematic analysis and dynamic analysis which establishes the relation between input force/torque and output positional motion of the parallel rehabilitation robot is crucial. Due to nonlinearity and complexity, forward kinematics of the parallel rehabilitation robot are difficult to solve and multifaceted while forward kinematics are easy to solve for serial manipulators. This multifaceted and small workspace are the drawbacks of the parallel rehabilitation robot.
Trajectory tracking with zero steady state error, minimum overshoot and small settling time even the payload is changed is required for a parallel rehabilitation robot. Trajectory tracking control of a parallel rehabilitation robot have been studied in the literature. It is observed that traditional proportional-integralderivative (PID) control [8, 12] , and classic fuzzy based control [11] have been proposed.
In this study, a parallel rehabilitation robot shown in Fig. 2 is modeled by using Matlab/Simulink graphical user interface and the trajectory tracking is performed using PID controller of which the parameters are tuned by using Particle Swarm Optimization (PSO) algorithm. The performance of the optimized PID controller is calculated by using performance index which is named Integral Squared Error (ISE). ISE is a version of the integral-error based performance measure methods. The equation of the ISE is given as 
where e(t) is the trajectory error signal.
The remainder of this article is organized as follows: Section 2 presents the modeling of the system. Section 3 and 4 detail the PSO algorithm and optimized PID controller, respectively. Section 5 presents the system implementation and simulation results of the proposed method and discussions of those results. Section 6 concludes the study.
Modeling of the Parallel Ankle Rehabilitation Robot
Main motion types of an ankle joint are dorsiflexion/plantar flexion, inversion/eversion and adduction/abduction. The range of the motions are given in [11] . Dorsiflexion/plantar flexion and inversion/eversion motion types of an ankle joint are shown in Fig. 1 . The parallel ankle rehabilitation robot, as shown in Fig. 2 , which is a 2 DOF platform consists of a base platform and a moving platform connected by 3 extensible legs and 1 strut. The legs have a universal joint at the lower end, a spherical joint at the upper end and a prismatic joint on which actuators located in between. The strut has a universal joint at the lower end, a spherical joint at the upper end.
The designed parallel ankle rehabilitation robot is capable of performing dorsiflexion/plantar flexion and inversion/eversion motions.
(2) gives the rotation matrix which relates between moving platform and base platform. Dynamic model of the parallel ankle rehabilitation robot is derived using Lagrange equation.
J and  are the inertia matrix, coriolis and centrifugal term, gravitational force, Jacobian matrix and actuator force, respectively [13] .
where q is the displacement vector.
Particle Swarm Optimization Algorithm
Particle swarm optimization initially proposed by Kennedy and Eberhart in 1995 is an evolutionary computation algorithm used to solve the optimization problems especially with nonlinearity and multiple dimensions [14] . The algorithm is based on the observed behaviors of a swarm such as fish school and bird flock with the help of the velocity and position equations of the i th particle in the population which is given below respectively [15] .
where k is the iteration number, w is the inertia weight, c1 and c2 are the positive constants, r is the random number in the interval [0,1], Pbest and Gbest are the best local and global solutions. Process order of the PSO algorithm is described as follows:
Step 1. Initialize the particles with random velocities and positions and evaluate the fitness function of the each particle in the population.
Step 2. Compare the particles' fitness value and obtain the local best value (Pbest) of the each particle for every iteration and keep the Pbest in memory.
Step 3. Compare the Pbest values of the particles and assign global best (Gbest) to the position of the particle with the greatest fitness function value.
Step 4. Update the velocity by using the equation (10).
Step 5. Evaluate and move through each particle to new positions by using the equation (11).
Step 6. Go to step 2 and repeat the steps until stopping criterion is met. ISE performance criterion given by equation (1) is used as fitness function
Optimization of Proportional -IntegralDerivative Controller
Due to its simple structure and robust performance, classical PID controller has an important role in a wide range of industrial control applications [16] . On the other hand, designing a PID controller consist of determining three adjustable gain parameters which are proportional gain KP, integral gain KI and derivative gain KD. In this study, these parameters are optimized by using PSO algorithm in order to obtain the best system response against varying reference signal. Transfer function of the PID controller is given below. 
System Implementation and Results
The block diagram of the implemented system developed in Matlab/Simulink is given in Fig. 3 . Ɩi, Fi and q represent length of i th leg, applied force to each actuator and position of the mobile platform, respectively. In order to track required trajectory which is the reference of the system, length of the each leg is calculated using inverse kinematics. The parameters of the PID controller to which error of the each leg length (i.e. actuator position) is given as input is optimized according to fitness function, ISE, using PSO algorithm.
A PSO algorithm of which the parameters are given in Appendix is designed. As seen in Fig. 4 , the cost function becomes constant from 14 th iteration to the last iteration which is also set to 100.
As is seen in Table 1 which shows only the first 20 iteration, the calculated best values of KP, KI and KD were chosen as 28.69, 23.18 and 0.57, respectively. As expected, parameter values of PID controller did not change after 14 th iteration. The system simulations was performed during 15 seconds for both dorsiflexion/plantar flexion and inversion/eversion motion with and without white noise corresponding to external disturbance.
The obtained noiseless system responses for dorsiflexion/plantar flexion and inversion/eversion motion are given in Fig. 6 and 7, respectively. Fig. 8 shows the displacements error of the motions. It is clear that optimized PID controller is successful for such a noiseless trajectory tracking system.
The system responses when a white noise with a 0.2 noise power is introduced to the system are shown in Fig.  9 and 10 for dorsiflexion/plantar flexion and inversion/eversion motion, respectively. Fig. 11 shows the displacements error of the motions to which disturbance is added. The robustness of the controller for such a trajectory tracking system to which an external disturbance is introduced is pointed out. 
Conclusion
This paper presents an optimized PID control approach for trajectory tracking of a parallel ankle rehabilitation robot. Inverse kinematics and dynamics of the system is also developed. The tracking control of the modelled manipulator is carried out using PID controller of which the parameters are tuned by using PSO algorithm. Performance calculation is performed using ISE performance measure method. The ISE value reached to its minimum value of 0.395 in the 14 th iteration as seen in Table 1 . Simulation results validate that using optimized controller is robust and effective in such a parallel manipulator. 
